The band alignment of the bithiophene interface with a diverse range of substrates has been determined by a combination of ultraviolet photoemission and work function measurements. Not only is vacuum level alignment clearly shown to be invalid but also any sort of linear relationship between band alignment and substrate work function is shown not to be the case. Rather, the alignment is determined by the interface dipole, which is specific to the interaction at the inorganic-organic interface. The interface dipoles, which always appear, while dominated by the first monolayer interaction, are completed after two to three monolayers. As the ionization potentials of the films are shown to be constant, it is argued that a simple work function measurement, for an organic film on a particular substrate, quantifies the band alignment. © 2000 American Institute of Physics. ͓S0003-6951͑00͒00407-1͔
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The promise of prototype devices based around active organic materials is by far outstripping the understanding necessary to bring their performance to a reproducible optimum level. From quite early on the importance of the contact, interface between inorganic and organic materials was recognized. From a simple band alignment picture, a rule of thumb has been adopted by the organic device community, based on the work function of electrode materials: to minimize operational voltages, the electron injecting contacts should be of low work function materials, while hole injecting contacts should have a high work function. This is fallacious on a number of different levels. First, the work function is not a property of the material per-se but rather of its interface ͑with vacuum͒, best illustrated by the fact that different crystal faces of the same material have different work functions. Second, implicit in this rule of thumb is the assumption that the vacuum levels of organic material and metallic electrode remain aligned on contact. The significance of the band alignment question is reflected by the number of recent articles in the literature specifically addressing this question. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] The full range of simple band alignment pictures, from vacuum level through to Fermi level alignment, can be found supported therein. However, ubiquitous in the literature is an implied linear relation between band alignment and substrate work function. In the present work, this question is addressed with highly controlled experiments, where not only the thin organic film ͑multilayer͒ but also its immediate interface with the substrates ͑the monolayers͒ has been investigated. The only equivalent study with a reasonable data set and similar levels of control was for Xe on a variety of single-crystal surfaces, 11 where vacuum level alignment was found to occur. However, the interaction of a noble gas with a surface is a rather special case, especially given that for all substrates, the interaction will be of similar form. We show here, in agreement with Seki 5 and Kahn et al., 7 that vacuum level alignment is not the general case. Moreover, the data indicate there is no linear dependence between band alignment and substrate work function. Rather the alignment for the organic film is specific to the particular interaction at the organic-substrate interface and while dominated by the interaction of the first molecular monolayer, this interfacial region can be of the order of three molecular layers. It should be noted that this interface dipole effect should not be confused with band bending which is not expected to occur in such undoped, large band-gap materials.
The important parameter is the alignment of the electrode Fermi level (E F ) with respect to the lowest unoccupied ͑LUMO͒ and highest occupied ͑HOMO͒ molecular orbitals. For efficient charge injection, and therefore lower operational voltages, the bottom of the conduction band ͑LUMO͒ should lie near to E F at the electron injecting contact, while E F of the hole injecting electrode should be aligned near to the top of the valence band ͑HOMO͒. Ultrahigh vacuum ͑UHV͒ surface science techniques can be applied to directly determine this alignment. Measurement of the valence band spectra with ultraviolet photoemission spectroscopy ͑UPS͒ allows the measurement of the HOMO binding energy with respect to the Fermi level, and also the work function ͑͒ by measuring the minimum energy of secondary electrons escaping from the surface. The sum of these is the HOMO binding energy with respect to the vacuum level, i.e., the ionization potential. If one assumes that the band gap is unaltered, the position of the LUMO with respect to E F is also implied.
Bithiophene is a useful model for longer thiophene oligomers and polymers often used in prototype devices, [11] [12] [13] [14] as it is well defined and amenable to in situ preparation in UHV. This allows extreme control of the interface, which can be built up from submonolayer coverages to thin films, allowing direct access to the organic-inorganic interface. Studies of molecules deposited on metals result in abrupt interfaces, thus minimizing complications to data interpretation introduced by diffusion of metal into the molecular film. Substrates based on single-crystal surfaces allow a high degree of control yielding reproducible well defined interfaces. The investigations reported were performed at 90 K which lower molecular mobility, minimizing islanding at weakly interacting interfaces. This in turn minimizes differences in a͒ Electronic mail: michael.ramsey@kfunigraz.ac.at APPLIED PHYSICS LETTERS VOLUME 76, NUMBER 7 14 FEBRUARY 2000 morphology between films on different substrates. The low temperature of adsorption also reduces the chemical interaction such that on all interfaces studied, the bithiophene has been determined to remain intact. 15 In this letter, we present band alignment measurements for the first bithiophene monolayer, and thin bithiophene films, on diverse range of atomically clean metallic surfaces: alkali metal ͑polycrystalline Cs͒, simple metal ͓Al͑111͔͒, transition metal ͓Ni͑110͔͒, and noble metal ͓Cu͑110͔͒. The latter two were also modified by submonolayer amounts of sulphur and oxygen to produce the ordered Ni͑110͒-p(4 ϫ1)S ͑Ref. 16͒ and Cu͑110͒-p(2ϫ1)O surfaces, respectively. All substrates were prepared and the bithiophene adsorption was performed in a UHV (10 Ϫ10 mbar) angle resolving electron spectrometer system. As well as the He discharge lamp for angle resolved photoemission of the valence band, the system also contained facilities for low energy electron diffraction ͑LEED͒, thermal desorption mass spectroscopy, and inverse photoemission. Details of the system and the bithiophene dosing can be found elsewhere. 16 The angle resolved UPS spectra, taken in normal emission, for condensed bithiophene films ͑5 to 10 molecular layers͒ on the six substrates are displayed in Fig. 1 . The spectra have been shifted from the Fermi level reference by the work functions determined from the secondary electron cutoff measured for each bithiophene film, and are thus aligned to the vacuum level, E vac . The Fermi level of the substrates is observable by appropriate magnification in each spectra, and its position is marked in the figure. To aid the eye, the HOMO and LUMO positions are also indicated; the latter was obtained from inverse photoemission experiments from bithiophene films on Ni surfaces. 16 The HOMO binding energies and work functions are listed in Table I . As can be seen, the HOMO binding energy with respect to E vac ͑the ionization energy͒ lies around 6.8 eV. The only significant deviation is on the Cu-͑2ϫ1͒O substrate, where LEED and UPS indicate an ordered three-dimensional film, and presumably arises from the extra-molecular screening being different to that of the other disordered films. The HOMO binding energies with respect to E F , which directly reflects the various band alignments, varies over a range of 2.6 eV, as do the films work functions. It is quite clear from Fig. 1 and Table  I that the work function measured for the film on its particular substrate is the only appropriate value to use for vacuum level referencing. Moreover, to speak of the work function of a thin film without considering its substrate is invalid, and it is fallacious to assume that the Fermi level is located in midgap. However, the band alignment on a particular substrate can be unambiguously determined from a measurement of the work function of the organic film: the binding energy of the HOMO relative to E F is equal to the ionization potential, less the work function of the film on the particular FIG. 1. He I spectra in normal emission of bithiophene films on a variety of substrate surfaces in order of ascending substrate work function: Cs, ͑poly-crystalline͒, Al͑111͒, Cu͑110͒, Ni͑110͒, Cu͑110͒-͑2ϫ1͒O, and Ni͑110͒-͑4ϫ1͒S. The spectra have been shifted by the respective film work functions ⌽ to align them to the vacuum level. TABLE I. Relevant energies ͑in eV͒ for bithiophene monolayers and subsequent multilayer films on the various substrate surfaces. ⌽ S , ⌽ m , and ⌽ F are the measured work functions for the substrates, molecular monolayers, and multilayers, respectively. The HOMO binding energy with respect to the Fermi level ͑band alignment͒ and vacuum level ͑ionization potential͒ determined by UPS are listed. For the monolayer on Cs, charge transfer has filled the LUMO and the orbital derived from the ex-HOMO is included with *. substrate. Not only has this been shown on the six highly controlled substrates here, but was also seen to be true for substrates that were ill defined due to poor preparation or contamination.
A plot of the HOMO binding energies with respect to E F against the substrate work function is displayed in Fig. 2 . It should be noted that work functions are one of the most surface sensitive parameters and even on in situ prepared single-crystal substrates variations of a few tenths of an eV are not uncommon. Consequently, the values used here are those of the particular substrates measured immediately prior to deposition of the particular film for which the HOMO binding energy is quoted. In Fig. 2 , the dashed line, with a slope of Ϫ1, indicates the behavior that would be expected if vacuum level alignment between film and substrate were the case, i.e., the Schottky-Mott limit. Clearly, this is not the case and the band alignment does not scale directly with the substrate work function. This breakdown of the vacuum alignment ''rule'' has recently been demonstrated in the literature by a number of studies, for a variety of molecular films, and interface dipoles are induced to explain the observations. 5, 7 In these works, plots of the Fig. 2 type are displayed, with experimental points clearly not following the Schottky-Mott limit. However, straight lines through the data points are drawn, implying a linear relationship between band alignment and substrate work function. The implications of this for the device builders is that, despite having no physical rule to support their choice of contact material, their rule of thumb regarding substrate work functions would appear useful. In contrast, the results presented in this letter show a scatter well beyond experimental uncertainties, and thus indicate that the substrate work function per-se is irrelevant, and plots of Fig. 2 type have no predictive powers. On consideration, this result is not surprising as the size and direction of any interface dipole will be determined by the details of the interaction at the particular organic/inorganic interface. Indeed, it would be far more surprising if the interaction between an adsorbate and chemically very different substrates, such as simple transition and noble metals, were similar. It is beyond the scope of this letter to go into the details of the analysis of the monolayer surfaces, however, the bonding type determined is indicated in Table I , along with their work functions and binding energies. On Cs, a charge transfer complex is formed with distinct gap states, 12 on clean Cu and Ni, 16 strong bonding involving donation arises. Passivating the surfaces with oxygen and sulphur prevents the formation of such a bond, and the bithiophene is weakly bound. 16 On Al, a weak electrostatic bonding is also indicated. 17 It should be noted, however, that all these diverse interactions lead to a change in the surface dipole. Although in growing the molecular film, the interaction of the first molecular monolayer with the substrate is the major contributer to the interface dipole, it is not until approximately the third layer is complete that the work function of the multilayer is reached.
What these results imply is that the choice of contact material for optimal band alignment should be based on a consideration of the specific organic-inorganic interaction. This liberates the device builder from the limitation of contact material choice based entirely on substrate work function, as the interaction can be modified by choice of organic functional groups and/or substrate surface composition. This work was supported by the Austrian Science Foundation through the SFB: Electroactive Materials.
